The TiAlCrSiN film was deposited on the WC-20%TiC-10%Co carbide, and its oxidation behavior was examined at 700-1000 o C. It displayed relatively good oxidation resistance owing to the formation of TiO 2 , Al 2 O 3 , Cr 2 O 3 , and SiO 2 up to 900 o C. However, at 1000 o C, the fast oxidation rate and partial oxidation of WC in the substrate led to the formation of the thick, fragile oxide scale.
Introduction
TiCrAlSiN films were developed in order to improve the high-temperature oxidation resistance, corrosion resistance, and mechanical properties of conventional TiN films that are widely used as hard films to protect and increase the lifetime and performance of cutting tools or die molds.
1) As listed in Table 1 2-10)
, TiCrAlSiN films were deposited on WC-Co cemented carbides, Si, Pt, and steel substrates, and their microstructures [2] [3] [4] [5] 7, 8) , mechanical properties including microhardness 2, 3, 5, 8) wear 10) and cutting performance 7) , and thermal stability in vacuum 2, 3) or air 4, 6, 7) were studied. The air-oxidation behavior was studied for 0.5 -2 h between 800 and 1000 o C 4, 6, 7, 9) . The oxidation characteristics of the films depend sensitively on the deposition method and parameters that affect their crystallinity, composition, stoichiometry, thickness, surface roughness, grain size and orientation. Hence, it is necessary to study the hightemperature oxidation behavior of the TiAlCrSiN films under diverse oxidizing conditions. On the hand, cemented carbides consist of hard and wear resistant WC refractory particles and the tough, ductile Co binder phase. They have been used as cutting tools, rock drill tips, and structural components in machinery for decades 11) . The addition of the cubic TiC carbide in WC-Co enhances the hardness and wear resistance of cemented carbides. TiAlCrSiN films that deposited on cemented carbides could be used in abrasive and corrosive environments. However, they are inevitably degraded by the high-temperature oxidation during service. Hence, the TiAlCrSiN nano-multilayered film was deposited on WC-TiCCo cemented carbide, and its high-temperature oxidation behavior was examined. The oxidation resistance is a key factor in determining the service lifetime.
Experimental
The TiAlCrSiN film was deposited on WC-20% TiC-10%Co cemented carbide substrate using 70 at.%Ti-30 at.%Cr and 88 at.%Al-12 at.%Si alloys as cathodes by cathodic arc plasma deposition 8, 9) . Its composition was 13.5Ti-9.3Al-5.9Cr-1.5Si-69.8N (at%). The nano- Fig. 1(a) ). In Fig. 1(b) , α-WC and the TiC additive were detected, but Co was not detected due to its small amount. Fig. 2 shows SEM/TEM/XRD results of the Ti AlCrSiN film deposited on the substrate. Some microdroplets scattered over the film surface with a ridge microstructure (Fig. 2(a) ). The compact film was about 6 μm thick (Fig. 2(b) ). It had a nano-multilayered structure (Fig. 2(c) ). The white nanolayers were TiN containing some Cr, and the dark nanolayers were AlN containing some Si (Fig. 2(d) ). Such a contrast effect occurred because Al has a lower scattering factor than Ti. In Fig. 2(e) , α-WC, TiC, and TiN were detected, but their diffraction patterns were weak and broad, because the film had a nanostructure. AlN was not detected in Fig. 2(e) , because its amount was smaller than that of TiN. Fig. 3 shows SEM/EPMA results of the TiAlCrSiN film deposited on the substrate after oxidation at 700 o C for 10 h. The surface morphology of the film shown in Fig. 3(a) was similar to that shown in Fig. 2(a) , owing to the small extent of oxidation. About 1 μm-thick oxide sale formed on the retained film ( Fig. 3(b) ). The oxide scale, the TiAlCrSiN film, and the WC-20TiC-10Co substrate were recognizable in Fig. 3(c) . During oxidation, nitrogen escaped into the air from the surface. Similar results were obtained when the TiAlCrSiN film oxidized at 800 o C for 10 h. Fig. 4 shows SEM/EDS results of the TiAlCrSiN film deposited on the substrate after oxidation at 900 o C for 10 h. In Fig. 4(a) , the surface ridge structure was no longer visible, and the scale spalled locally. Numerous tiny oxide grains shown in Fig. 4(a) indicate that the TiAlCrSiN film had a good oxidation resistance due to the presence of Ti, Al, Cr, and Si. These elements would form the highly stoichiometric, protective oxides of Al 2 O 3 , Cr 2 O 3 , and SiO 2 , besides the semiprotective, nonstoichiometric TiO 2 . These oxide phases were however not able to be identified using XRD, owing to the partial breakage of the thin scale and the film. Such mechanical failure shown in Fig. 4(b) resulted from the hardness mismatch among the oxides with a limited plasticity, the superhard film (max. hardness of 43 GPa), 8) and the hard cemented carbide substrate. To get the image of Fig. 4(b) , it took rather long time to polish the wear-resitant substrate. The oxide scale was about 2 μm thick (Fig. 4(b) ). Despite the high oxidizing temperature of 900 o C, nitrogen still remained in the unoxidized TiAlCrSiN film (Fig. 4(c) ). Fig. 5 shows SEM/EDS results of the TiAlCrSiN film deposited on the substrate after oxidation at 1000 o C for 10 h. Fig. 5(a) shows the oxide surface morphology. The surface was not flat, and the surface oxide consisted of numerous tiny oxide grains, which were bigger than the surface oxide grains shown in Fig. 4(a) . The oxide scale that formed on the film was about 10 μm thick (Fig. 5(b) ). The oxidation of the film led to the volume expansion to make the thick oxide scale. Both the oxide scale and the film were partially broken due to the mechanical weakness. In Fig. 5(c) , Cr 2 O 3 formed at the lower part of the (TiO 2 , Al 2 O 3 )-mixed scale. This suggested that the oxygen active elements of Ti and Al oxidized preferentially at the surface, which resulted in the enrichment and thereby the oxidation of Cr underneath. Some W was incorporated in the film and the oxide scale (Fig. 5(c) ). It is known that WC(s) oxidizes to volatile tungsten-oxides such as WO, WO 2 , and WO 3 , being accompanied with a large volume expansion and evolution of CO and CO 2 gases.
Results and Discussion
12) Hence, W can be incorporated in the oxide scale. These facts aggravated the mechanical integrity of the oxide layer and the film. Hence, the thick, fragile oxide scale formed at 1000 o C.
Summary
The nanomultilayered TiAlCrSiN film was deposited on WC-20%TiC-10%Co cemented carbide substrate by cathodic arc plasma deposition. It displayed relatively good oxidation resistance at 700-900 
